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The effects of pathologic states on right and left ven-
tricular function have been studied extensively. How-
ever, there have been few studies on the interrelations
between right and left ventricular function in normal
human subjects and in patients with disease. Respiratory
effects on ventricular interrelations reflected by diastolic
time, right or left ventricular systolic time and ventric-
ular performance (pre-ejection period/ejection time ra-
tio) were studied in 12 normal subjects and 15 patients
with a normal pressure-large shunt atrial septal defect.
Simultaneous pulmonary artery (intracardiac manom-
eter recordings) and left ventricular external recordings
were performed in both groups.
Left ventricular diastolic time increased with inspi-
ration in the normal subjects and decreased in the pa-
tients with atrial septal defect (12.6 ± 2.39 [I SEI versus
-13.4 ± 3.48 ms, p < 0.00]). Left ventricular systolic
time and ejection time decreased with inspiration in the
normal group ' and remained unchanged in the patient
group ( - 7.6 ±0.9.5 versus -0.9 ± 0.77 ms, p < 0.001
and -10.4 ± 1.09 versus - 1.7 ± 0.80 ms, p < 0.001,
respectively). Left ventricular pre-ejection period/ejec-
Although the effects of pathologic state s on either left or
right heart function have been studied exten sively. few stud-
ies (1-4) have dealt with left and right heart interrelations
in normal human subjects and patients with cardiac disease ,
In normal subjects , changes in blood flow through the right
heart chambers, pulmonary circulation and left heart cham-
bers occur during the normal respiratory cycle . Respiratory
changes in left and right heart blood flow alter temporal
relations such as left and right ventricular systolic time and
diastolic time , as well as ventricular performance (5- 12),
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tion time ratio increased with inspiration in the normal
subjects and remained unchanged in the patients with
atrial septal defect (0.03 ± 0.008 versus 0 ± 0.0], P <
0.0]). Right ventricular diastolic time decreased with
inspiration in normal and patient groups (- 8.8 ± 1.6
versus -17 ± 3.87 rns). Changes with inspiration in
right ventricular systolictime, ejection time, pre-ejection
period and pre-ejection period/ejection time were sig-
nificantly greater in normal subjects than in patients
with atrial septal defect (13.8 ± 0.89 versus 5.7 ± 1.26
ms, p <: 0.00]; 32 ± 2.89 versus iO.3 ± 1.57 ms, p <
0.001; -18.2 ± 2.93 versus -4.6 ± 1.26 ms, p < 0.01
and -0.06 ± 0.01 versus -0.02 ± 0.001, P < 0.001,
respectively).
Thus, all respiratory left ventricular-right ventricu-
lar changes were significantly smaller inpatients with
atrial septal defect than in normal subjects . It is con-
eluded that atrial septal defect markedly attenuates the
respiratory changes of right and left ventricular time
relations, which in normal human subjects 'are modu-
lated by the intact interatrial septum.
(J Am Coli Cardiol 1987;9:53-8)
In patient s with atrial septal defect, changes in right heart,
pulmonary circulation and left heart blood flow during the
respiratory cycle are minimal compared with those in normal
subjects (13 ,14). We postulated, therefore , that an atrial
septal defect may significantly alter right heart-left heart
temporal interrelations.
The present study was designed to establish the normal
respiratory left ventricular-right ventricular interrelations as
reflected by diastolic time , systolic time and ventricular
performance . These interrelations may be used as a 'basis
for comparison with finding s in patients with atrial septa!
defect or other disease states, or both ,
Methods
Study patients. Twelve normal subjects and 15 patients
with atrial septal defect were studied .
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Normal subjects. Eight were female and four were male:
the age range was 17 to 41 years (mean 29). Each subject
had normal splitting of the second heart sound and normal
findings on the electrocardiogram, chest X-ray examination
and right heart catheterization. For purposes of this study,
normal subjects were individuals who had cardiac cathe-
terization as part of an evaluation of a right ventricular
outflow tract systolic ejection murmur and who were shown
to have an innocent systolic murmur that was recorded in
the main or proximal right or left pulmonary arteries, not
associated with a pressure gradient, and in whom a left to
right intracardiac shunt was excluded by negative hydrogen
inhalation and normal oxygen saturation studies (15).
Atrial septal defect. Eight of the patients were female
and seven were male; the age range was 16 to 40 years
(mean 28). These patients had a right intraventricular con-
duction defect on the electrocardiogram with a QRS duration
from 80 to 120 ms (mean 96.4), but normal atrioventricular
conduction. All patients had a large atrial septal defect (pul-
monary to systemic flow ratio as determined by nitrous oxide
inhalation from 1.8 to 3.6, mean 2.5) (16). Systolic pul-
monary artery pressure was 21 to 35 mm Hg (mean 26).
Recordings and measurements. In each case a variable
inductance micro manometer (designed by Allard and Lau-
rens, manufactured by Telco of Paris, France) mounted on
the tip of an 8F catheter was advanced to the main pulmonary
artery where an undelayed pulmonary artery pulse wave and
intracardiac phonocardiogram were recorded simulta-
neously with an external phonocardiogram, a carotid artery
pulse wave and an electrocardiographic lead. Recordings
were performed throughout the respiratory cycle (Fig. I);
respiration was timed with a nasal thermistor (5). The ex-
ternal phonocardiogram was recorded with a Sanborn high
impedance microphone at the second intercostal space of
the left sternal border. The indirect carotid pulse tracing
was recorded with a Statham P23Db transducer using a
funnel-shaped pickup. An electrocardiographic lead that ex-
hibited a distinct Q wave was recorded, usually lead II.
Recordings were made at a speed of 100 mm/s with either
a Sanborn 550 recorder alone or a 560 recorder through a
Sanborn-Ampex 2000 tape system.
For each ventricle, three systolic intervals were deter-
mined: total systole, the pre-ejection period and the ejection
time. Right ventricular systolic intervals were measured from
the electrocardiogram and the pulmonary artery pulse wave
as follows: the duration of total systole (Q-P2) from the
onset of the electrocardiographic Q wave to the incisura;
the pre-ejection period from the Q wave to the initial up-
stroke of the pulmonary artery pulse wave; and the ejection
time from the initial upstroke to the incisura (5).
Left ventricular systolic intervals were measured as fol-
lows: the duration of total systole (Q-A 2) from the onset of
the Q wave to the onset of the aortic component of the
second heart sound, and the ejection time from the initial
upstroke of the carotid pulse to its incisura. The pre-ejection
period was obtained by subtracting ejection time from the
duration of total systole (17,18). The ratio of the pre-ejection
period to the ejection time was also calculated. Diastolic
time was calculated from the cardiac cycle (RR) subtracting
the total systolic time (19).
Quiet inspiration and expiration were signaled with a
respirometer which consisted of a face mask containing a
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Figure 1. Simultaneous recording of the
external phonocardiogram, intracardiac
phonocardiogram (lC), carotid arterial pulse
wave (carotid), main pulmonary artery pulse
wave (MPA) and electrocardiogram (ECG).
Inspiration and expiration are also shown.
3LSB = third intercostal space, left sternal
border; A and P = aortic and pulmonary
component of the second heart sound, re-
spectively; SI = first heart sound.
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Table 1. Mean Values (:!: I SO) of the Measured Variables During Inspiration and Expiration in Normal Subjects (n = 12)
Left HR
Ventricle QAz (ms) LVET (ms) LPEP (ms) PEP/ET DT(ms) RR(mm) (beats/min)
Inspiration 387 ::':: 24 286 ::':: 18 101 ::':: 12 0.36 ::':: 0 .03 485 ::':: 116 872 ::':: 45 68.8 ::':: 10.8
Expiration 394.6 ::':: 26 296.4 ::':: 19.9 98.2 ::':: 9 .8 0.33 ::':: 0.03 472.4 ::':: 115 867 ::':: 143 69.2 :!: 11.5
*p < 0.0 1 <0.001 NS <0.05 < 0.0 1 NS NS
Right RVET RPEP
Ventricle QPz (ms) (ms) ( rns) PEP/ET DT(ms)
Inspiration 432.4 ::':: 22 381 ::':: 28 51.4 ::':: 18 0.14 ::':: 0.05 439.6 :!: 127
Expiration 418.6 :!: 22 349 ::':: 31 69.6 ::':: 21 0.20 ::':: 0 .07 448.4 ::':: 120
P < 0.00 1 < 0.00 1 < 0.00 1 < 0.00 1 < 0.01
*p value comparing inspiration and expiration ; DT = diastolic time; HR = heart rate; LPEP, RPEP = left and right pre-ejection period, respectively ;
LVET, RVET = left and right ventricular ejection time. respectively; NS == not significant : PEP/ET = pre-ejection period/ejection time ratio: QAz.
QPz = left and right ventricular total systolic time. respectively; RR = cardiac cycle length.
thermistor wire sensitive to the temperature change of re-
spired air. One cardiac cycle near the end of each phase of
respiration was measured for a total of 10 respiratory cycles .
For each determination of a systolic and diastolic interval,
10 cardiac cycles were measured to the nearest 5 ms and
averaged .
Statistics. Statistical analysis was performed using the
Student's t test for paired and unpaired data and regression
analysis. Bonferroni correction was also applied when ap-
propriate. A probability level of less than 0.05 was consid-
ered significant (20).
Results
Inspiratory changes in normal subjects (Tables 1 and
3, Fig. 2). Heart rates changed minimally (0 to 3 beats/
min) during quiet inspiration. There was an inspiratory
shortening of left ventricular systolic time (-7.6 ± 0.95
ms, p < 0.0 I), left ventricular ejection time (- 10.4 ±
1.09 ms, p < 0.001), a slight lengthening of left ventricular
pre-ejection period (2.8 rns, p = NS) and a lengthening of
left ventricular diastolic time (12.6 ± 2.39 ms, p < 0.00 I).
The left ventricular pre-ejection period/ejection time ratio
increased (0.03 ± 0.008, p < 0.01). In contrast , there
was inspiratory lengthening of right ventricular systolic time
(13.8 ± 0.89 ms, p < 0.(01); a greater lengthening of
right ventricular ejection time (32 ± 2.89 ms, p < 0.(01);
a shortening of right ventricular pre-ejection period
(- 18.2 ± 2.93 ms, p < 0.001) and a shortening of right
ventricular diastolic time ( - 8.8 ± 1.60 rns, p < 0.01).
The right ventricular pre-ejection period/ejection time ratio
decreased ( - 0.06 ± 0.0l, p < 0.(01) .
Inspiratory changes in atrial septal defect (Tables 2
and 3, Fig. 2). Heart rates changed minimally (0 to 2 beats/
min) during quiet inspiration . No significant changes were
seen in left ventricular systolic time, left ventricular ejec-
tion time, pre-ejection period or pre-ejection period/ejection
time ratio . The left ventricular diastolic time decreased
(-13.4 ± 3.48 rns, p < 0.001) . There was a slight in-
spiratory lengthening of right ventricular systolic time (5.7
± 1.26 ms, p < 0.001) , a slightly greater lengthening of
right ventricular ejection time (10.3 ± 3.1 ms, p < 0.(01),
a shortening of right ventricular pre-ejection period ( - 4 .6
± 1.26 ms, p < 0.01) and a greater shortening of right
ventricular diastolic time (-17 ± 3.87 ms, p < 0.01). The
Table 2. Mean Values ( :!: I SO) of the Measured Variables During Inspiration and Expiration in 15 Patients With Atrial
Septal Defect
Left HR
Ventricle QAz (ms) LVET (ms) LPEP (ms) PEP/ET DT (ms) RR (ms) (beats/min)
Inspiration 384 ::':: 21 275 ::':: 17 109 ::':: 9.8 0.39 ::':: 0 .04 414 ::':: 100 798 :!: 110 77.4 ::':: 10.1
Expiration 384.9 ::':: 21 276.7 ::':: 17 108.2 ::t:: 8.8 0.39 ::':: 0 .04 427.4 ::':: 112 812 ::':: 129 76::':: 12
*p NS NS NS NS < 0.0 1 NS NS
Right RPEP
Ventricle QPz (ms) RVET (ms) (rns) PEP/ET DT (rns)
Inspiration 440 :!: 24 377 ± 26 63.0 ± II 0.17 ::':: 0.94 361 :!: 101
Expiration 434.3 ::':: 23 366.7 ::':: 23 67.6 ± II 0.19::':: 0 .03 378 :!: 110
P < 0.01 < 0.01 < 0.05 < 0.0 1 < 0.01
*p value comparing inspiration and expiration ; other abbreviations as in Table I.
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right ventricular pre-ejection period/ejection time was de-
creased (-0.02 ± 0.004, P < 0.01).
There were weak correlations between the magnitude of
left to right shunt and QP2 (r = 0.43), right ventricular
ejection time (r = 0.52) and inspiratory changes of left
ventricular ejection time (r = 0.47) and ventricular pre-
ejection period/ejection time (r = - 0.46). There were poor
correlations between the magnitude of left to right shunt
and inspiratory changes in left ventricular systolic time
(r = 0.12), left ventricular pre-ejection period (r = -0.29),
left ventricular pre-ejection period/ejection time (r = - 0.03),
left ventricular diastolic time (r = - 0.26), right ventricular
pre-ejection period (r = - 0.24) and right ventricular di-
astolic time (r = -0.39).
Comparison between normal subjects and patients
with atrial septal defect. Inspiratory changes in left ven-
tricular systolic time, ejection time, pre-ejection period, pre-
ejection period/ejection time and diastolic time were sig-
nificantly less in patients with atrial septal defect than in
normal subjects. Likewise, inspiratory changes in right ven-
tricular systolic time, ejection time, pre-ejection period and
pre-ejection period/ejection time were significantly less in
the patient group. Changes in right ventricular diastolic time
were not statistically different between the patient and nor-
mal groups (Fig. 2, Table 3).
Table 3. Maximal Inspiratory Changes in Normal Subjects and
Patients With Atrial Septal Defect (mean values ± I SE)
Normal Subjects ASD
(n = 12) (n = 15) *p
Left Ventricle
Diastolic time 12.6 ± 2.39 - 13.4 ± 3.48 <0.001
(ms)
QAz or QPz -7.6 ± 0.95 -0.9 ± 0.77 <0.001
(ms)
LVET or RVET - 10.4 ± 1.09 -1.7 ± 0.80 <0.001
(ms)
LPEP or RPEP 2.8 ± 0.089 0.8 ± 0.80 NS
(ms)
PEP/ET 0.03 ± 0.008 o ± 0.01 <0.01
Right Ventricle
Diastolic time -8.8 ± 1.60 -17 ± 3.87 NS
(ms)
QAz or QPz 13.8 ± 0.89 5.7 ± 1.26 <0.001
(ms)
LVET or RVET 32 ± 2.89 10.3 ± 1.57 <0.001
(ms)
LPEP or RPEP -18.2 ± 2.93 -4.6 ± 1.26 <0.01
(ms)
PEP/ET -0.06 ± 0.01 -0.02 ± 0.001 <0.001
*p valuecomparingsubjectsand patientswith atrial septaldefect;other
abbreviations as in Table I.
Discussion
Normal circulatory changes in respiration. In the nor-
mal circulation, inspiration produces a transient fall in right
atrial pressure relative to pressure in the systemic veins (11).
This results in an increase in venous return, right heart
diastolic volume and stroke volume. Indeed, a number of
studies (1,6,7) have demonstrated that inspiration is asso-
ciated with an increase in right ventricular stroke volume.
In contrast, left ventricular stroke volume decreases with
inspiration (8-12,21). Normal inspiration has been shown
to produce changes in left ventricular dimensions by both
,
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Figure 3. Relation between heart rate (HR), RR interval, total
left ventricular systolic time (QS2) and total diastolic period
(RR-QSz). Note the marked increase in diastolic time below a
heart rate of 75/min. (Reprinted by permission of the American
Heart Association, Inc. from Boudoulas H, et al. [19).)
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Figure 2. Maximal respirator changes (inspiration minus expi-
ration) in 12 normal human subjects and 15 patients with atrial
septal defect. DT = diastolic time; LPEP = left ventricular pre-
ejection period; LT = left; LVET = left ventricular ejection time;
PEP/ET = pre-ejection period/ejection time ratio; QA 2 = left
ventricular total systolic time; QPz = right ventricular total sys-
tolic time; RPEP = right ventricular pre-ejection period; RT =
right; RVET right ventricular ejection time; For p values see
Table 3.
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M-mode and two-dimensional echocardiography (21). The
respiratorychange in left ventricular volume and output can
be attributed to several mechanisms, including a phase lag
in respiratory variation of systemic venous return, pooling
of blood in the lung during inspiration. or the mechanisms
of ventricular interdependence whereby the filling of the left
ventricle is impeded by the distension of the right ventricle
(9.22-25) . Through ventricular interaction. left ventricular
filling pressure for a given end-diastolic volume has been
found to increase with augmented right ventricular volume
(6.25-29) . Accordingly, the increased right ventricular fill-
ing with inspiration might cause decreased left ventricular
compliance, which would limit tilling volume. The right
and left ventricular dynamic changes occurring during in-
spiration are reversed during expiration.
Circulatory changes during respiration in atrial septal
defect. The changes in right and left ventricular end-dia-
stolic and stroke volume throughout the respiratory cycle
are quite different in patients with atrial septal defect and
normal subjects. Right ventricular diastolic filling in atrial
septal defect has a dual origin. from the systemic venous
circulation and the pulmonary venous reservoir through the
left to right interatrial shunt. During inspiration in atrial
septal defect, systemic venous return increases as it does in
normal subjects while simultaneously the left to right shunt
decreases. During expiration there is a reversal of these
changes. Studies in experimental animals with atrial septal
defect have shown a consistent inspiratorydepression in the
magnitudeof the left to rightshunt, with maximal depression
at the peak of inspiration (14). Aygen and Braunwald (13)
demonstrated that pulmonary artery oxygen saturation dur-
ing expiration exceeds that during inspiration in patients
with atrial septal defect. They calculated the interatrial shunt
to systemic flow ratio during both phases of the respiratory
cycle; this ratio was greater during expiration (average 1.8/
1.0) than during inspiration(0.64/1.0). Thus, the inspiratory
augmentation of right heart filling from the systemic veins
in atrial septal defect is accompanied by simultaneous
depression in the contribution to right heart filling from the
lungs through the left to right shunt. with a reversal of this
pattern during expiration. These concurrent influences min-
imize the cyclic respiratory changes in right and left ven-
tricular stroke volume.
Respiratory effects on ventricular inflow and output.
Thus, in the normal circulation. the presence of an intact
interatrial and interventricular septum permits the mechan-
ical effects of respiration to selectively influence the hemo-
dynamic factors controlling right and left ventricular inflow
and output. In atrial septal defect, when the size of the
defect imposes little resistance to flow between the atria,
the right and left atrial chambers in diastole are in open
communication. In the absence of pulmonary hypertension
and right ventricular hypertrophy, the lower compliance of
the right side of the heart relative to the left induces a net
left to right direction of interatrial transseptal flow. It is
under these hemodynamic circumstances that the selective
influence of respiration on right and left ventriculardiastolic
inflow is markedly attenuated. The increase in pulmonary
venouscapacitanceand the consequentdecrease in left atrial
and ventricular diastolic inflow during inspiration is coun-
terbalanced by a diminution in left to right atrial flow. so
that the total venous inflow to the left ventricle remains
relatively constant. Similarly. the increased venous inflow
into the right atrium during each inspiration in normal in-
dividuals is counterbalanced by the same diminution in left
to right flow through the atrial defect. accounting for a
constancy in right ventricular filling in diastole. In effect,
atrial septal defect preempts the respiratory variations in
right and left ventricular preload that are present in the
normal circulation.
Respiratory changes in ventricular time intervals. The
duration of the phases of right and left ventricular systole
are related to the same factors that determine ventricular
performance(that is. preload, afterloadand contractilestate)
(17.18.30-32). The present study demonstrated that in nor-
mal subjects. significant changes occurred with inspiration
in left and right ventricular systolic time intervals and di-
astolic time. For the left ventricle, there was an inspiratory
shortening of systolic and ejection times, a lengthening of
diastolic time and an increase in pre-ejectionperiod/ejection
time ratio. In contrast, the right ventricle manifested an
inspiratory lengthening of systolic time, a greater length-
ening of ejection time. a shortening of pre-ejection period
and diastolic time and a decrease in pre-ejection period/
ejection time ratio. Inspiratory changes in these measure-
ments were markedly attenuated in the patients with atrial
septal defect compared with normal subjects. These differ-
ences most likely reflect different degrees of changes in
right heart blood flow with inspiration in such patients com-
pared with normal subjects (13,14.33-37). Changes in di-
astolic time were related to alterations in systolic time and
minimal changes in heart rate. Diastolictime can be affected
in two ways: I) a direct effect on heart rate, and 2) a
fundamental change in heart rate-diastolic time relation(Fig.
3) (19). Changes in heart rate alone produce movement
along the curve. Shortening of the systolic time causes an
upward shift of the curve. whereas a prolongation results
in a downward shift. Because of the nonlinear relation be-
tween heart rate and diastolic time. small changes in heart
rate produce significant changes in diastolic time. particu-
larly at lower heart rates.
Respiratory changes in ventricular preload versus af-
terload. Considering the temporal dynamics of systole and
diastole. in normal individualsand patients with atrial septal
defect it is implicit that the contractile state remains a con-
stant influence on both the right and left ventricles through-
out respiration. Changes in the duration of systole and di-
astole must hence be related to respiratory induced changes
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in preload or afterload, or both. It is highly likely that the
effects of respiration on pulmonary artery and aortic imped-
ance (afterload) in the presence of atrial septal defect remain
the same as those in the normal state. Hence, changes in
the respiratory variation from normal cannot be attributed
to altered afterload. Thus, it is the change in preload induced
in atrial septal defect that is the dominant determinant of
the attenuation of the respiratory systolic and diastolic in-
tervals.
Atrial septal defect can be viewed as an experiment of
nature wherein the influence of respiration on right and left
ventricular preload has been selectively discounted as a
physiologic variable. The model of atrial septal defect sug-
gests that it is the variation in ventricular preload as such
that is the dominant determinant of the respiratory change
in right and left ventricular time relations.
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